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The X-ray structures of dUTPase from equine infectious anaemia virus
(EIAV) in unliganded and complexed forms have been determined to 1.9
and 2.0 AÊ resolution, respectively. The structures were solved by molecu-
lar replacement using Escherichia coli dUTPase as search model. The
exploitation of a relatively novel re®nement approach for the initial
model, combining maximum likelihood re®nement with stereochemically
unrestrained updating of the model, proved to be of crucial importance
and should be of general relevance.

EIAV dUTPase is a homotrimer where each subunit folds into a
twisted antiparallel b-barrel with the N and C-terminal portions interact-
ing with adjacent subunits. The C-terminal 14 and 17 amino acid residues
are disordered in the crystal structure of the unliganded and complexed
enzyme, respectively. Interactions along the 3-fold axis include a water-
containing volume (size 207 AÊ 3) which has no contact with bulk solvent.

It has earlier been shown that a divalent metal ion is essential for cata-
lysis. For the ®rst time, a putative binding site for such a metal ion, in
this case Sr2�, is established. The positions of the inhibitor (the non-
hydrolysable substrate analogue dUDP) and the metal ion in the complex
are consistent with the location of the active centre established for tri-
meric dUTPase structures, in which subunit interfaces form three surface
clefts lined with evolutionary conserved residues. However, a detailed
comparison of the active sites of the EIAV and E. coli enzymes reveals
some structural differences. The viral enzyme undergoes a small confor-
mational change in the uracil-binding b-hairpin structure upon dUDP
binding not observed in the other known dUTPase structures.
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Introduction

The inability of DNA polymerase to discriminate
between dUTP and dTTP during DNA synthesis
(Bessman et al.,1958; Mosbaugh, 1988; Focher et al.,
1990; Kornberg & Baker, 1991) and the spon-

taneous deamination of cytosine present in DNA
(Lindahl, 1982) promote the occurrence of the RNA
base uracil in DNA. Uracil incorporated into DNA
is excised and replaced with the correct base, as
encoded by the opposite strand (Tye et al., 1977;
Tye & Lehman, 1977; Hochhauser & Weiss, 1978;
Sancar & Sancar, 1988). A high concentration of
dUTP leads to excessive incorporation of uracil,
and the excision repair pathway will expedite a
deleterious cycle of multiple excisions, generating
mutations and/or strand fragmentation with the
possibility of concomitant cell death (Barclay et al.,
1982; Richards et al., 1984; Ingraham et al., 1986).
Therefore, the maintenance of a low dUTP/dTTP
ratio is vital (Goulian et al., 1986).
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A crucial role in this regulation is played by
the enzyme dUTP nucleotidohydrolase (dUTPase,
EC 3.6.1.23), which catalyses the hydrolysis of
dUTP to dUMP and PPi (Bertani et al., 1961,
1967; Greenberg & Somerville, 1962; Shlomai &
Kornberg, 1978). The enzyme reduces uracil mis-
incorporation in two ways. Firstly, by lowering
the dUTP concentration, it minimises the usage
of dUTP in DNA synthesis and repair. Secondly,
by producing dUMP, it provides the substrate
for the de novo biosynthesis of dTTP, further
shifting the dUTP:dTTP ratio in a favourable
direction.

dUTPase activity has been demonstrated in a
wide variety of organisms, from prokaryotes to
eukaryotes, and is essential for the viability of
Escherichia coli (El-Hajj et al., 1988) and Saccharo-
myces cerevisiae (Gadsden et al., 1993). The
expression of cellular dUTPases has been
suggested to be cell cycle dependent or develop-
mentally regulated. Actively dividing cells exhibit
relatively high levels of endogenous dUTPase
activity (Pardo & Gutierrez, 1990; Hokari et al.,
1982; Strahler et al., 1993), while terminally differ-
entiated and/or non-dividing cells contain lower
levels of the enzyme (Spector & Boose, 1983;
Pardo & Gutierrez, 1990; Pri-Hadash et al., 1992;
Strahler et al., 1993). Several viruses, including
pox and herpes and a subset of retroviruses,
have been shown to encode their own dUTPases,
despite the presence of a host enzyme (Wohlrab
& Francke, 1980; Caradonna & Adamkiewicz,
1984; Preston & Fisher, 1984; Williams et al.,
1985; Mercer et al., 1989; Elder et al., 1992;
Broyles, 1993; Roseman et al., 1996).

Equine infectious anaemia virus (EIAV), a mem-
ber of the lentivirus subfamily of retroviruses
(Stephens et al., 1986), affects members of the
family Equidae, causing recurring cycles of fever
and anaemia (Cheevers & McGuire, 1985). The
only lentivirus known to be spread by an insect
vector, the blood sucking horse ¯y (Foil et al.,
1983), EIAV is readily transmittable between host
animals and has a world-wide distribution. EIAV
has the smallest and simplest genome of character-
ised lentiviruses, but nevertheless carries a gene,
mapped within the pol region (Kawakami et al.,
1987), encoding a 14.7 kDa dUTPase, consisting of
133 amino acid residues (Oroszlan et al., 1991;
Roberts et al., 1991). The enzyme functions as a tri-
mer (Bergman et al., 1995). dUTPase activity is
essential for ef®cient viral infection of the natural
host cells, the non-dividing equine monocyte-
derived macrophages (Threadgill et al., 1993;
Lichtenstein et al., 1995). dUTPase-de®cient
mutants of EIAV exhibit impaired replication in
this cell type, where endogenous dUTPase activity
is low (Steagall et al., 1995). However, in dividing
®broblastic cells, where there is a higher level of
endogenous dUTPase activity, the virally encoded
enzyme is not required for ef®cient propagation, as
also found for the closely related feline immunode-
®ciency virus (FIV; Wagaman et al., 1993). Given

the economic impact of infection of domestic ani-
mals, EIAV dUTPase is a potential target for anti-
viral drug design.

Amino acid sequence comparisons reveal that
dUTPases contain highly conserved motifs
(McGeoch, 1990). In the crystal structures solved so
far of the E. coli (Cedergren-Zeppezauer et al.,
1992), human (Mol et al., 1996) and FIV (Prasad
et al., 1996) enzymes, these motifs appear to have
similar roles. Structures of the E. coli (Larsson et al.,
1996b) and human (Mol et al., 1996) enzymes in
complex with substrate analogue and substrate,
respectively, allowed the identi®cation of the active
site in which the conserved motifs are positioned.
In the crystal structures of FIV and E. coli dUTPase,
several residues at the C terminus of each subunit
are not visible, whereas in the human enzyme
complexes, almost all residues are well de®ned.
None of these structures revealed the position of
the divalent cation required for catalysis in vivo,
presumably to be Mg2� (Hoffman, 1987).

Here, we report the determination of the three-
dimensional (3D) structure of EIAV dUTPase in
unliganded and complexed forms, using the sub-
strate analogue dUDP to characterise the active
site. For the ®rst time, a metal ion binding site has
been identi®ed in the active site of a trimeric
dUTPase. The structure will serve as a starting
point for site-directed mutagenesis experiments,
which, together with the kinetic characterisation
recently published (Nord et al., 1997), will provide
mechanistic information.

Results and Discussion

Structure development with uARP

The structure of the EIAV dUTPase complex was
determined by molecular replacement using the
E. coli dUTPase crystallographic trimer as search
model, the unliganded structure having proved
resistant to this approach. The substantial differ-
ences in 3D structure between the enzymes from
E. coli and EIAV (discussed below) gave rise to
problems in the re®nement, comparable to the dif-
®culties reported in the structure determination of
the FIV enzyme, where use of the E. coli model
proved unsuccessful, necessitating employment of
isomorphous replacement to solve the phase pro-
blem (Prasad et al., 1996).

Here, the program AMoRe (Navaza & Saludjian,
1997) gave a relatively clear molecular replacement
solution using the E. coli model. Unfortunately,
attempts to re®ne this starting model proved chal-
lenging. A straightforward application of stereo-
chemically restrained re®nement using the
maximum likelihood based REFMAC program
(Murshudov et al., 1997) combined with solvent
updating through ARP (Lamzin & Wilson, 1997)
were unsuccessful and did not lead to readily
interpretable maps. In contrast, the use of the
unrestrained option of REFMAC and ARP
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(uARP, unrestrained automatic re®nement pro-
cedure), with all starting atoms assigned as water
molecules and all stereochemical restraints
removed, worked well. The resulting maps
(Figure 1) produced with minimal user interven-
tion, had clear density for almost all of the struc-
ture. It was extremely straightforward to build a
good EIAV dUTPase model, which could easily
be re®ned with restrained protein stereochemistry
imposed.

Quality of the models

Two structures are reported here, that of EIAV
dUTPase at 1.9 AÊ , and that of the enzyme in com-
plex with dUDP and Sr2� at 2.05 AÊ resolution. The
asymmetric unit contains one subunit with the
three subunits of the trimer related by a crystallo-
graphic 3-fold axis in both space groups, R32 and
P4132.

Table 1 summarises the data collection and pro-
cessing statistics, and Table 2 summarises the par-

Figure 1. The improvement in the density maps produced by uARP for a loop on the surface of the enzyme. The
coef®cients are 2mFo ÿ dFc as computed by REFMAC where m and d are maximum likelihood sA weights. (a) Initial
map based on E. coli dUTPase as the molecular replacement model. (b) The same region after 60 cycles of uARP. The
red models correspond to the initial and the yellow to the ®nal re®ned model. The green atoms are the ``dummy
water'' positions after uARP. The ®nal density (not shown) is essentially indistinguishable from (b). Figures generated
using QUANTA.

Binding of Sr2�-dUDP to EIAV dUTPase 657



ameters of the ®nal models. In the Ramachandran
plot (Ramakrishnan & Ramachandran, 1965), there
are no non-glycine residues in disfavoured regions
in either of the structures. The estimated mean co-
ordinate error according to the Data Precision
Index (Cruickshank, 1996) as implemented in
REFMAC, is 0.12 AÊ for the unliganded enzyme
and 0.11 AÊ for the complex.

The recombinant enzyme subunit comprises 134
residues (Bergman et al., 1995). The ®nal electron
density maps calculated with 2mFo ÿ dFc coef®-
cients and contoured at the 1s level have unam-

biguous density for all main-chain atoms included
in the model. However, there is no electron density
for the C-terminal residues 121 to 134 in the unli-
ganded enzyme, and 118 to 134 in the complex.
The density disappears at a sharp point in the unli-
ganded structure. In contrast, the chain adopts
double conformations around residues 109-111 in
the complex, and thereafter slowly becomes less
well de®ned, suggesting disorder rather than
chemical loss. Such C-terminal ¯exibility was also
observed in the unliganded E. coli, FIV and human
dUTPases. Zero occupancy was assigned to some
atoms of three and six side-chains of unliganded
and complexed enzyme, respectively, as they have
poorly de®ned electron density. These side-chains
generally belong to solvent-exposed residues with
no crystal lattice contacts.

The quality of the electron density is high in
most parts of the structures. Figure 2(a) shows a
region around residues Gly68 and Gly69, in which
there are two alternative main-chain conformations
(discussed below). This region has a single confor-
mation in the complex as seen in Figure 2(b). The
well de®ned electron density for dUDP, a Sr2� and
its associated water molecules is shown in
Figure 2(c). In the free enzyme there are 133 water
molecules. A considerable number of those are
positioned in the active site and several are
expelled upon dUDP binding. There are only 80
water molecules in the model for the complex.

Alignment and superposition of known
dUTPase models

The amino acid sequences of an extended set of
homologous dUTPases have been aligned pre-
viously (Prasad et al., 1996). Figure 3 shows a

Table 1. Summary of data collection and processing for
unliganded EIAV dUTPase and the complex with dUDP
and Sr2�

Unliganded Complex

Space group R32 P4132
Cell (AÊ ) a � b � 86.27 106.7

c � 95.24
Beam line, EMBL,

Hamburg X11 BW7B
Wavelength (AÊ ) 0.916 0.885
Resolution (AÊ ) 25 - 1.90 25 - 2.05
Total reflections

measured 55,093 142,838
Unique reflections 10,717 13,598
Overall:

Completeness (%) 97.5 100.0
R(I) merge (%) 13.3 12.4

I/s(I) 10.6 17.7
Highest shell (AÊ ): 1.93 - 1.90 2.09 - 2.05

Completeness (%) 96.6 100.0
R(I) merge (%) 42.2 68.6
I/s(I) 3.6 3.8

B overalla (AÊ 2) 14.5 22.9

The merging R(I) factor is de®ned as �jI ÿ hIij/�I.
a Estimated from the Wilson plot (Wilson, 1942).

Table 2. Summary of model properties

Unliganded Complex
s rms No. rms No.

Distances (AÊ ):
Bond lengths (1-2 neighbours) 0.020 0.022 949 0.019 932
Bond angles (1-3 neighbours) 0.040 0.042 1285 0.040 1264
Dihedral angles (1-4 neighbours) 0.050 0.043 315 0.041 304

Planes (AÊ ):
Peptides 0.040 0.034 119 0.035 117
Aromatic 0.020 0.012 10 0.011 10

Chiral volumes (AÊ 3) 0.150 0.256 146 0.216 139

van der Waals contacts (AÊ ):
Single 0.30 0.20 375 0.19 351
Multiple 0.30 0.25 283 0.26 339
Possible H-bonds 0.30 0.11 25 0.15 87

Torsion angles (deg.):
Planar 7.0 5.8 121 6.1 123
Staggered 15.0 16.1 175 13.4 170
Orthogonal 20.0 24.3 10 26.7 10

B-factors (AÊ ):
Main-chain bond 3.0 3.3 534 2.9 516
Main-chain angle 5.0 4.0 651 3.8 624
Side-chain bond 6.0 6.0 415 6.1 416
Side-chain angle 8.0 8.2 634 7.8 640
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Figure 2. Stereo views of the electron density around the active site. (a) Unliganded EIAV dUTPase contoured at
1.2 s showing the peptide Asn-Gly-Gly-Ile with the bond of Gly68-Gly69 in two alternative conformations (A and B)
related by a peptide ¯ip. (b) The Gly68-Gly69 peptide has a single, well-ordered orientation (B) in the complex con-
toured at 2 s. (c) dUDP and Sr2� (grey) with its six water ligands bound (red), again contoured at 2 s. The bonds
between the metal ion and the oxygen atoms of the a and b-phosphates are 2.47 AÊ and 2.69 AÊ , respectively. The
bond lengths between the Sr2� and its water ligands range between 2.77 AÊ and 2.85 AÊ . Figures generated using
QUANTA.
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revised alignment based on 53CA atoms identi®ed
from superpositioning of known 3D models of
EIAV, E. coli, human and FIV dUTPase as structu-
rally equivalent (see Materials and Methods for
details). The 53 spatially equivalent CA atoms lie
in ®ve different regions along the sequence and
their rms deviation is listed in Table 3. Despite lim-
ited sequence identity, the four enzymes exhibit
strong conservation of the 3D structures in the core
of the monomer. dUTPases contain ®ve segments
of conserved amino acid residues (denoted motifs
1-5; McGeoch, 1990), of which four are visible in
the crystal structure of EIAV dUTPase, all located
within or around the active site. The ®fth motif is
in the C-terminal region which is disordered in the
crystals.

The architecture of EIAV dUTPase

The fold of the subunit, the quaternary organis-
ation of the trimer and the location of the active
site of EIAV dUTPase are all similar to those pre-
viously described for the E. coli, FIV and human
enzymes. Therefore, these are not discussed in
detail, but brie¯y summarised and differences
between the other enzymes analysed.

The subunit

The main-chain H-bonding scheme of the sub-
unit is shown in Figure 4, revealing the secondary
structural elements. The core is predominantly
composed of b-strands, forming two left-handed
sheets (sheets I and II) in a distorted jelly roll. The
only helical structure, a one-and-a-half-turn
a-helix, lies on the surface of the enzyme. Nine
loops, mainly regular b-turns, connect the strands.
A b-hairpin containing turn 4 contributes to the
formation of the active site. This hairpin has simi-
lar overall features in all known dUTPase struc-
tures, but the degree of sequence identity is low
in this region, consistent with the involvement of
the peptide backbone and water in substrate
binding.

Figure 5(a) shows the backbone of the EIAV
monomer onto which the other known dUTPase
structures are superimposed (see Materials and
Methods). The fold of the core of the subunit is
highly conserved, with the two viral proteins being
closest in overall fold. Differences are mainly situ-
ated in loops with a number of insertions and del-
etions. Extended loops on the surface of the E. coli
and human enzymes, most clearly visible at the
top of the Figure, re¯ect the insertions in these
sequences. The extended arms show substantial
differences, even for the viral pair, re¯ecting differ-
ent quaternary structural interactions within the
trimer; it should be remembered, however, that the
superposition was only based on the residues in
the core.

The trimer

The trimer has a triangular face of approximate
dimensions 50 AÊ , and a height along the 3-fold
axis, around which the three monomers associate,
of 42 AÊ . Extending from the core, the C terminus
of each subunit traverses the triangular face as a
``crossing'' arm, interacting with sheet I of the
neighbouring subunit only through the formation
of two main-chain H-bonds (Figure 4). Trp115 is
buried in the adjacent subunit. In the E. coli
enzyme, the interactions of the crossing arm are
quite different in character, with numerous H-
bonds to the neighbouring subunit as the arm par-
ticipates as a b-strand in the jelly roll of this neigh-
bouring subunit (Dauter et al., 1998). Pro124,
positioned where the crossing arm leaves the sub-

Figure 3. Amino acid sequence alignment of EIAV,
FIV, E. coli and human dUTPases. The 53 structurally
equivalent residues used in the superpositioning of the
3D structures are in red. The conserved sequence motifs
de®ned previously (McGeoch, 1990) are boxed in green.
The secondary structure elements and turns of the EIAV
and E. coli enzymes are labelled.

Table 3. rms deviations (AÊ ) for the CA atoms of the available dUTPase structures aligned and superimposed as
described in the text

Species Monomer Trimer
EIAV (unliganded enzyme) rms Min. Max. rms Min. Max.

EIAV (dUDP-Sr2�complex)a 0.21 0.19 0.46 0.39 0.34 0.83
FIV (unliganded enzyme) 0.67 0.62 1.28 0.95 0.89 1.58
E. coli (unliganded enzyme) 0.76 0.74 1.19 1.06 1.01 1.68
E. coli (dUDP complex) 0.78 0.74 1.30 1.06 1.00 1.74
Human (unliganded enzyme) 0.87 0.79 1.82 1.08 0.98 2.23

a The comparison to unliganded EIAV dUTPase is based on all atoms of the monomer.
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unit core, has been attributed the function of a
hinge (Bergdoll et al., 1997) in the E. coli enzyme.
The rigidity of the Pro, restricting the confor-
mational freedom of the preceding residue, pre-
vents the arm from folding back and interacting
with its original subunit. Additionally, it orients
the arm in a position favourable for interactions
with the b-sheet of a neighbouring subunit with
the arm running parallel to, and in the same plane
as the sheet. The majority of dUTPases contain this
hinge Pro, but in the EIAV enzyme the corre-
sponding residue is a glutamine and the arm
runs almost perpendicular to the adjacent
b-sheet, nearly devoid of direct interactions.
Pro114 positioned later in the sequence dictates
the direction of the arm which ends up with the
last visible residue pointing towards the active
site. The deviations in the positions of the
C-terminal arms of the four dUTPases with
known 3D structures are evident in Figure 5(b),

where the backbones of the four trimers are
superimposed. The overall quaternary structure
is again well conserved in the four enzymes.

The core of the trimer around the 3-fold axis

Several of the hydrophobic residues are buried
in the jelly roll of the subunit. The others mainly
participate in quaternary interactions around the
3-fold axis. There is a narrow channel along the
3-fold axis lined with side-chains predominantly
contributed by sheet II of each subunit. The resi-
dues are positioned in alternating layers of hydro-
phobic and hydrophilic character, resulting in a
``pool'' of highly ordered water molecules enclosed
at the centre (Figure 6(a)). The volume of the
enclosed cavity, as calculated by SQUID (Old®eld,
1992), is 207 AÊ 3. In contrast, in the E. coli enzyme
the interactions along the 3-fold axis are formed by
closely packed hydrophobic residues, ef®ciently

Figure 4. The main chain H-
bonding scheme of EIAV dUTPase.
The secondary structure elements
are shaded and labelled. The ¯ex-
ible C terminus (residues 121-134)
is boxed with a broken line. ``Arm''
denotes the ``crossing arm'' from a
neighbouring subunit.
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excluding water (Figure 6(b)). The interactions
along the 3-fold axis in the FIV enzyme is of an
intermediate character, with a smaller pool of
water molecules located at the central part of the
core (Figure 6(c)), while in the human enzyme
water molecules present around the 3-fold axis are

not completely buried as they have contact with
bulk solvent via the open triangular face of the tri-
mer (data not shown). Thus, while the overall sub-
unit arrangement is highly conserved between the
four enzymes, the interactions providing its stab-
ility vary substantially.

Figure 5. Superposition (based on the alignment of 53 CA atoms described in Figure 3) of the backbones of
unliganded dUTPases from EIAV (blue), FIV (green), E. coli (red) and human (yellow), viewed down the 3-fold axis.
(a) Monomers. Every tenth residue of EIAV dUTPase is numbered. (b) Trimers. 159 CA atoms were superimposed.
Figures were generated using MOLSCRIPT (Kraulis, 1991).
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In both the EIAV and the E. coli enzymes, the
side-chains of three symmetry-related tryptophan
residues point towards the 3-fold axis. In the viral
enzyme, the rings are positioned perpendicular to
one other, interacting through edge-to-face con-
tacts, one of the preferred orientations for aro-
matic-aromatic interactions (Burley & Petsko, 1985;
Hunter & Sanders, 1990), and are surrounded by
several water molecules. The Trp rings in the
E. coli enzyme are positioned with a face-to-face
geometry with the aliphatic portion of three argi-
nine side-chains sandwiched between them, creat-
ing a hydrophobic barrier for the exclusion of
water.

Active site

The dUDP-Sr2� complex

The folds of the protein in the unliganded and
complexed forms of the EIAV enzyme are very
similar, with only minor conformational adjust-
ments occurring to accommodate the nucleotide
and metal ion. Superposition of all CA atoms gives
an rms deviation of 0.21 AÊ (the error in co-ordi-
nates is 0.12 AÊ ). Even though the enzyme was
cocrystallised with dUDP and Sr2�, the C-terminal
residues remain disordered in the complex.
Enzyme from redissolved crystals retains full enzy-

Figure 6 (a)-(b) (legend overleaf )
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matic activity, and as removal of C-terminal resi-
dues is associated with loss of activity (Shao et al.,
1997; Vertessy, 1997), the full-length protein is
assumed to be present in the crystals. In the
human enzyme, the ¯exible C terminus interacts
with the substrate (Mol et al., 1996).

The dUDP and Sr2� bind in the active site,
whose location was established in earlier studies.
The positions of all atoms of the nucleotide and the
ligands of the Sr2� are well de®ned (Figure 2(c)).
dUDP binding occurs in shallow depressions at the
subunit interfaces. Conserved residues from all
three subunits have been described to partake in
the formation of each complete active site (Mol
et al., 1996). One subunit provides the residues
necessary for base and sugar recognition, the
b-hairpin. A second is involved in phosphate
binding, while the third, not seen in the present
structure, is presumed to cover the active site
during catalysis, as in the human enzyme.

Binding of the uracil

Uracil recognition and sugar speci®cities are
mediated by a b-hairpin (residues 67-82) formed
by strands b-5b and b-6, conserved in other dUTP-
ases. A tyrosine at the scaffold of the b-hairpin and
a turn of type I are characteristic features of the
uracil-binding site.

Binding of the uracil ring is achieved through
four H-bonds between backbone atoms, the ring
and one water molecule (Figure 7(a) and (b)). The
main-chain amide and carbonyl groups of Gln80
are bound to O2 and N3 of the uracil ring, respect-

ively. The O4 of the ring forms H-bonds to the
amide of Gly69 and to a structurally conserved
water molecule. As this buried water is also H-
bonded to the main-chain amide of Ile82 and to
the main-chain carbonyl of Asn67, it serves the
dual roles of knitting the strands of the b-hairpin
together as well as participating in substrate bind-
ing. This conserved water is present in the native
structure as well, and has been observed in all
dUTPase structures determined so far.

Conformational change

Binding of the uracil ring induces a local confor-
mation change, a ¯ipping of the peptide backbone
affecting residues Gly68 and Gly69 (Figure 2(a)
and (b)). Such a ¯ip has not been observed before
in a dUTPase. The structure of the closely related
FIV dUTPase in the unliganded form assumes the
conformation here determined for the EIAV
enzyme-dUDP-Sr2� complex. In the unliganded
EIAV dUTPase, the carbonyl of Gly68 and the
amide group of Gly69 have two conformations,
A and B, both partially occupied. In the B confor-
mation, O68 points away from the b-hairpin,
accepting hydrogen atoms from two water mol-
ecules located close to the pool of water enclosed
around the 3-fold axis. Meanwhile, N69 is directed
into the water-containing b-hairpin, donating its
proton to a water with partial occupancy
(Figure 2(a)). In the A conformation, neither O68
nor N69 have any H-bonding partners. Upon com-
plex formation, the backbone comprising the two
glycine residues ¯ips over if previously in confor-

Figure 6. dUTPase trimers viewed perpendicular to the 3-fold axis. (a) The EIAV dUTPase has an extensive pool of
ordered water molecules in the central cavity, isolated from bulk solvent by closely packed groups of hydrophobic
side-chains above and below. (b) The centre of the 3-fold interface in E. coli dUTPase is totally hydophobic, with no
buried water molecules. (c) The FIV enzyme has a small pool of water molecules. Colour code: non-polar residues,
grey; oxygen, red; nitrogen, blue; sulphur, yellow; water, light blue.
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mation A. As the O4 of uracil acts as an H-bond
acceptor, the peptide ¯ip enables the formation of
an additional H-bond to the dUDP as it positions
the amide of Gly69 within H-bonding distance of
the O4. Formation of this bond will not be possible
if the two glycine residues maintain an A confor-
mation, where the carbonyl group of Gly68 will be
directed towards the O4, unable to form an H-
bond.

The catalytic speci®city of EIAV dUTPase
towards the base is not as stringent as that of the
E. coli enzyme (Nord et al., 1997). The presence of a
bulky methyl group in the C5 position of the
thymine ring ought to cause a steric clash with the
b-hairpin wall upon binding to EIAV dUTPase.
However, a certain amount of dTTP binding and

hydrolysis occurs, probably enabled by the mobi-
lity and the small size of the two glycine residues
(Gly68-Gly69). In human dUTPase, an alanine is
inserted between the corresponding glycine resi-
dues (Figure 3), but reports on the amount of dTTP
hydrolysis exhibited by this enzyme are contradic-
tory (Williams & Cheng, 1979; Mol et al., 1996).
The E. coli dUTPase has, however, been demon-
strated to discriminate ef®ciently against dTTP
(Larsson et al., 1996a). This is probably due to
the insertion of three additional residues (com-
pared with the EIAV enzyme) in the part of the
b-hairpin interacting with the O4 and C5 of uracil,
creating a highly strained backbone conformation
(Figure 7(c)). As the side-chain of Asn84 of the bac-
terial enzyme is directed towards the uracil ring,

Figure 7 (a)-(b) (legend overleaf )
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forming an H-bond with O4, limited space is avail-
able and dTTP binding is prevented. Inspection of
the model of EIAV dUTPase suggests that binding
of cytosine would result in an impaired H-bond
pattern compared with that of uracil binding.
Additionally, the position of the structurally con-
served water might be perturbed when the O4 of
uracil is replaced with the amino group of the cyto-
sine, possibly affecting the structural role of this
water. Of the other naturally occurring nucleotide
bases, the purine bases are easily excluded due to
their large size.

Deoxyribose interactions

Apart from mediating uracil speci®city, the
b-hairpin, through the creation of a pocket, renders
dUTPases speci®c with regard to the pentose moi-
ety of the substrate. The aromatic ring of the con-
served Tyr75, positioned in this pocket, is stacked
with the deoxyribose ring, ef®ciently preventing
ribose binding. Chemical modi®cation of this tyro-
sine results in a complete loss of enzyme activity
(Vertessy et al., 1996), consistent with its import-
ance in substrate binding. The OH of Tyr75 is
anchored to the wall of the b-hairpin through an
H-bond, and its position is further stabilised by a
turn (residues 72-75). On the opposite side of, and
in van der Waals contact with, the deoxypentose is
Ile71. Accommodation of a ribose is, therefore,
implausible as the pentose would interfere with
Tyr75. Having a tyrosine positioned in the deoxyri-
bose recognition pocket seems to be favourable, as
this tyrosine is almost totally conserved among

dUTPases. One exception is mouse mammary
tumour virus (MMTV) dUTPase, in which tyrosine
is replaced by phenylalanine, still enabling the
stacking of deoxyribose but making the anchoring
of the ring to the hairpin wall impossible. This
replacement, with concomitant enhanced mobility
of the aromatic ring, could allow increased binding
of UTP. A decreased discrimination between dUTP
and UTP has indeed been reported for MMTV
dUTPase (BjoÈ rnberg & Nyman, 1996).

The 30-hydroxyl group of the deoxyribose
accepts an H-bond from the main-chain amide of
the strictly conserved residue Asp72, and donates
an H-bond to the side-chain carboxyl group of the
same aspartate. The interactions between the side-
chain of Asp72 and the 30OH of the deoxyribose
are identical with those reported for the E. coli and
human enzymes (Larsson et al., 1996b; Mol et al.,
1996). For the bacterial enzyme, it has been
suggested that a water molecule H-bonded to the
corresponding aspartate might be involved in
nucleophilic attack on the a-phosphate occurring
during catalysis. Through the formation of an H-
bond to the main-chain amide of Ala17 of a neigh-
bouring subunit, the side-chain of Asp72 in EIAV
dUTPase also participates in subunit association,
an interaction not seen in the bacterial enzyme.

Phosphate interactions

The phosphate portion of dUDP interacts almost
exclusively with residues provided by a subunit
adjacent to the b-hairpin forming subunit
(Figure 7(a)), the interactions being either direct or

Figure 7. (a) An overall view of the active site of EIAV dUTPase illustrating the structural basis of substrate speci-
®city and the H-bonding pattern between substrate analogue and enzyme. The bonds of one subunit are in white
and those of the symmetry related subunit in a trimer are in green. The inhibitor bonds are grey. Water molecules
are shown in blue. (b) Close-up of uracil binding in EIAV dUTPases. The structural water which binds the uracil O4
atom to the main-chain of residues Asn67 and Ile82 is seen at the top. (c) Uracil binding in E. coli dUTPase.
Figures were generated using MOLSCRIPT (Kraulis, 1991).
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mediated by well-de®ned water molecules. The
very short a-helix is positioned close to the phos-
phate moiety of the dUDP. The a-phosphate,
where nucleophilic attack occurs, is H-bonded
through water bridges to the side-chains of Asp26
and Glu95 and surrounded by several water mol-
ecules. The a-phosphate has no direct H-bonds to
protein atoms, in contrast with the E. coli enzyme
(Larsson et al., 1996b). The b-phosphate accepts H-
bonds from the main-chain amide groups of resi-
dues 57 and 58, and from the side-chain hydroxyl
of Ser58. Additionally, the positively charged side-
chain amino groups of Lys56 and Lys98 interact
with the b-phosphate. The H-bond pattern for the
b-phosphate moiety is in agreement with that seen
in the model of the human enzyme-dUDP complex
(Mol et al., 1996). In the human enzyme-dUTP
complex, binding of the g-phosphate results in the
rotation of an arginine side-chain interacting with
the b-phosphate in the dUDP complex. The pos-
ition vacated by the rotation is occupied by the
g-phosphate, allowing it to interact with another
arginine side-chain. The corresponding residues in
EIAV dUTPase are two lysine residues, and a scen-
ario where the side-chain of Lys56 rotates to allow
the entrance of a g-phosphate is plausible with
regard to available space. Lys98 is positioned so
that it could easily interact with and neutralise the
charge on an incoming g-phosphate.

dUDP is a moderately strong inhibitor of EIAV
dUTPase (Shao et al., 1997), but is not hydrolysed
to any notable extent by the enzyme (Nord et al.,
1997). The absence of the g-phosphate, present in
the true substrate, probably prevents the ¯exible C
terminus from becoming correctly positioned,
thereby impeding the formation of the necessary
transition state. The inability of the C-terminal arm
to position itself in the absence of a g-phosphate
has been con®rmed in recent spectroscopic studies
(Vertessy et al., 1998). As the differences between
the analogue and the substrate are minor, the
dUDP model, nevertheless, provides a reasonable
starting point for discussing enzyme-substrate
interactions.

The metal site

Catalysis requires Mg2� (Nord et al., 1997; Shao
et al., 1997) and the Michaelis complex is assumed
to involve Mg2� and dUTP. Kinetic studies using
dUTPaS (20-deoxyuridine 50-(a-thio)triphosphate)
has provided evidence for the involvement of the
a-phosphate in metal ion binding during catalysis
(Bergman, 1997). It has been proposed that one or
two magnesium ions bind to the substrate during
catalysis; one between the a and the b-phosphates,
and possibly another one at a second site. How-
ever, no metal ion sites were found in the active
site in previously determined dUTPase structures.
In the crystal structure of FIV dUTPase, a Mg2�

was observed, not in the active site, but on the
3-fold axis (Prasad et al., 1996).

Here, Sr2� was chosen instead of Mg2� as it is
easier to detect in electron density maps and, in
addition, it readily cocrystallises with the enzyme
and dUDP. The position of the Sr2� in the dUDP-
liganded enzyme indicates experimentally, for the
®rst time, a likely approximate location of a metal
ion in the active site. Sr2� co-ordinates to the
diphosphate moiety of dUDP, i.e. to one oxygen
on each of the two phosphates, and to six well
ordered water molecules. Bond lengths between
the ion and its co-ordinating water molecules and
phosphate oxygen atoms are similar to those
observed in crystal structures of strontium hydrox-
ide octahydrate and strontium diphosphate,
respectively (Smith, 1953; Hagman et al., 1968). The
Sr2� co-ordination sphere makes contact with the
side-chains of Arg13, Asp20 (a conserved residue),
Lys56 and Glu95, all belonging to the subunit
involved in phosphate binding (Figure 7(a)). There
is a second shell of water ligands at 4-6 AÊ .

Due to the differences in size between Sr2�, with
an ionic radius of 1.13 AÊ , and Mg2�, with 0.65 AÊ ,
the presence of a Sr2� clearly affects the detailed
geometry of the active site. Thirty per cent of the
Mg2� activity is retained with Sr2� (Figure 8), indi-
cating that the Sr2� detected in the structure closely
mimics the position and role of Mg2� in the fully
active enzyme. The general structure of the active
site, the binding of the substrate analogue and the
H-bond pattern of the b-phosphate, in particular,
appear to be in good agreement with the human
dUTPase-dUDP complex which has no metal
bound (Mol et al., 1996), suggesting that the size of
the ion does not substantially distort the local
environment. Ordering of the C-terminal residues,
suggested to cover the substrate during catalysis,
may be perturbed by the size of the Sr2�. Alterna-
tively, as dUDP is an inhibitor rather than a sub-
strate, the C terminus might not be ordered even
with magnesium present. As the C-terminal arm is

Figure 8. The activity of EIAV dUTPase in the pre-
sence of Mg2� (*), Sr2� (*) and no metal ion (^)
respectively. Assay conditions: 3 nM enzyme 0.3 mM
dUTP and 10 mM metal ion.
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disordered in the E. coli dUTPase-dUDP complex,
which lacks a visible metal ion (Larsson et al.,
1996b), and as spectroscopic studies show that the
g-phosphate is required for binding of the arm
(Vertessy et al., 1998), the latter seems most prob-
able.

In EIAV dUTPase, there is a preponderance of
charged amino acid side-chains and water mol-
ecules in and around the active site. A cluster of
positively charged residues is positioned where the
g-phosphate is proposed to bind, facilitating bind-
ing by complementing the negative charges on the
phosphate group. A second charged cluster includ-
ing several negatively charged residues (Glu15,
Asp16, Asp72, Glu73), could participate in metal
ion binding during catalysis (Figure 7(a)). The
well-ordered water molecules in the active site of
the dUDP complex can be explained by the pre-
sence of numerous charged amino acid side-chains
and by the water co-ordinating abilities of Sr2�.

Conclusions

The 3D structure of EIAV dUTPase in complex
with the substrate analogue and inhibitor dUDP
and a metal ion, Sr2�, was solved using the E. coli
enzyme as a molecular replacement model. The
re®nement was not straightforward, and required
a combination of maximum likelihood minimis-
ation in the program REFMAC and appropriate
weights for the resulting maps with an unrest-
rained automated replacement procedure, uARP.
This resulted in greatly improved phases and elec-
tron density maps, from which the structure could
easily be rebuilt. The structure of the complexed
enzyme was subsequently used for solving of the
structure of the unliganded enzyme. The approach
for structure determination should be of general
applicability, and has been used in the determi-
nations of the structures of glucoamylase and lac-
case (Sevcik et al., 1998; Ducros et al., 1998).

Features of structural similarities between the
EIAV dUTPase and other dUTPase structures
include the homotrimeric arrangement of subunits,
the presence of an intersubunit traversing arm, a
¯exible C terminus, and the location and overall
design of the active site. Differences related to tri-
mer assembly are re¯ected by the nature of inter-
actions along the 3-fold interface. The EIAV, FIV
and human enzymes all contain bound water
inside the central channel. In contrast, the E. coli
enzyme displays a set of closely packed hydro-
phobic side-chains ef®ciently excluding water, ren-
dering it an exception amongst known structures.
The number of H-bonds between the crossing arm
and the adjacent subunit differs between the EIAV
and the bacterial dUTPases. While the crossing
arm in the bacterial enzyme is a b-strand forming
numerous interactions where it is embedded in the
adjacent monomer, the arm in the viral enzyme is
more hydrophilic and traverses the triangular face
of the trimer as a coiled structure, differently

directed across the surface. The overall features of
the monomer is conserved with regard to other
dUTPases as can be expected from sequence simi-
larities. Differences in the lengths of the polypep-
tides of the enzymes are generally re¯ected as
changes in the structure of surface loops, affecting
particularly the N-terminal region. Among the resi-
dues selected for superimposing the structures
only a few were conserved, but these conserved
residues are inherently involved in substrate recog-
nition or have critical structural roles.

Detailed examination of the active sites, which
are positioned in clefts at subunit interfaces in
accordance with previously described dUTPase
structures, reveals signi®cant differences between
the EIAV and the E. coli enzymes. This is especially
pronounced in the disparate distribution of
charged residues, but also concerns the mode of
interactions with dUDP. A peptide backbone ¯ip
involving two glycine residues is utilised in the
viral enzyme for uracil binding, and presumably
renders the EIAV enzyme more ¯exible in this
region than the bacterial enzyme which has a
highly strained conformation in this area due to
the presence of additional residues. The pattern of
interactions with the O4 of the uracil is of dissimi-
lar character in the two enzymes, as the viral
enzyme employs backbone interactions for binding
whereas the bacterial enzyme uses side-chain inter-
action. Binding of the deoxypentose moiety is simi-
lar in the two enzymes, while binding of the
phosphate moiety differs. The E. coli dUTPase
mainly interacts with the a-phosphate of dUDP
while the EIAV enzyme has its major interactions
with the b-phosphate, this difference is possibly
caused by the presence of a metal ion in the latter
structure. Binding of the phosphate moiety in the
EIAV enzyme seems to be in good agreement with
the binding of the corresponding moiety of dUDP
in the human enzyme.

The contribution of individual residues to cataly-
sis still remains to be elucidated and requires the
crystallisation of other ligand/metal complexes in
which the arm resides in an ordered conformation.
Catalysis requires a divalent metal ion in vivo pre-
sumably Mg2�. Substitution of Mg2� by Sr2�

allows the enzyme to maintain partial activity, and
thus the Sr2� in the present structure is a good
indicator for the position in the active site, of a cat-
alytically essential metal ion not seen in previously
described dUTPase structures.

Materials and Methods

Enzyme preparation

Recombinant EIAV dUTPase, containing an additional
Met at the N terminus, was puri®ed from an overprodu-
cing E. coli strain as described by Bergman et al. (1995).
The pooled chromatographic peak fractions containing
approximately 30 mg of pure active enzyme were dia-
lysed extensively against 10 mM 3-[N-morpholino]-pro-
panesulphonic acid (Mops, pH 7.2), containing 1 mM
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b-mercaptoethanol, and then concentrated to 20-45 mg/
ml prior to crystallisation.

Activity measurements with Sr2�

To determine the level of enzyme activity retained
when Mg2� is substituted by Sr2�, the conversion of
dUTP to dUMP at 25 �C was monitored by FPLC as
described by BjoÈrnberg & Nyman (1996). The enzyme
concentration was 3 nM, and that of the metal ion
10 mM for either Sr2� or Mg2�. Altering the concen-
tration of Sr2� did not increase the level of hydrolysis
(data not shown). The reaction buffer used was 50 mM
Tris-HCl (pH 7.4) containing 1 mM DTT. Hydrolysis
was initiated by the addition of dUTP to a ®nal concen-
tration of 0.3 mM, the ®nal volume of the sample being
500 ml. Aliquots of 25 ml were withdrawn from the reac-
tion mixture every 15 minutes and quenched by the
addition of EDTA to a ®nal concentration of 45 mM.
Each sample was diluted with 1.5 ml of 50 mM Tris-HCl
(pH 8.0), and injected onto a MonoQ column (HR 5/5
Pharmacia) attached to an FPLC system. The hydrolysis
products were eluted with a linear gradient of NaCl in
50 mM Tris-HCl (pH 8.0). The hydrolysis level caused
by background Mg2� in the water and buffer substances
was estimated using a reference sample where the metal
ion solution was replaced by water. The level of hydroly-
sis contributed by Mg2� present in the strontium salt
was calculated from the manufacturer's (Merck, Darm-
stadt) analysis of Mg2�. In addition, a reference sample
with the corresponding Mg2� concentration (0.1 mM)
was assayed for activity, but no activity could be
detected.

Crystallisation

Crystals were obtained as described (Persson et al.,
1997). Brie¯y, crystals were grown at 4 �C using sitting
drop vapour diffusion with 10 ml drops and 1 ml
reservoir solutions. Equal volumes of protein and reser-
voir solutions (0.1 M imidazole malate and PEG) were
mixed. The conditions for the crystal used for data
collection on the unliganded enzyme were 1.4 mg
protein/ml after mixing, pH 7.0 and 15 % (v/v) PEG3400.
It had the shape of a rhombohedron and required a
growth period of ®ve months to reach a size of
0.25 mm � 0.25 mm � 0.15 mm. The crystal of the com-
plex was obtained by including 20 mM SrCl2 and 5 mM
dUDP in the drop, and the enzyme concentration was
3 mg/ml after mixing. The precipitant was 21 % (v/v)
PEG400. Crystals appeared after a fortnight, had rhom-
bic dodecahedral morphology and a maximum edge size
of 0.25 mm.

X-ray data collection and processing

X-ray intensities for unliganded EIAV dUTPase and
its complex with Sr2� and dUDP were collected at 4 �C
from single crystals at the EMBL outstation, DESY, Ham-
burg, using a MarResearch imaging plate scanner and
processed with the HKL suite (Otwinowski & Minor,
1997; Table 1). The asymmetric unit in the native R32
crystal contains one monomer of 14,678 Da with a
speci®c volume of 2.32 AÊ 3/Da, equivalent to 47 % sol-
vent (Matthews, 1968). The asymmetric unit of the P4132
crystal of the complex also contains one monomer with a
speci®c volume of 3.43 AÊ 3/Da, giving a solvent content

of 64 %. The merging R factor and the I/s(I) ratio are
shown as a function of resolution in Figure 9.

Molecular replacement

All programs used were from the CCP4 suit (Colla-
borative Computational Project, Number 4, 1994). The
structure of the complexed enzyme was solved by mol-
ecular replacement using the program AMoRe (Navaza
& Saludijan, 1997) with the trimer of E. coli dUTPase
(1DUP, Protein Data Bank; Bernstein et al., 1977) as a
search model. Attempts to solve the structure of the unli-
ganded enzyme were unsuccessful. The difference in
packing density, VM, for the two crystal forms may be
important here. The closer intermolecular packing of the
R32 form may make the molecular replacement more
dif®cult for the latter, with poorer discrimination
between inter- and intramolecular vectors. Use of the
re®ned native EIAV model with the EIAV native data
gave a clear and obvious solution after the analysis was
complete.

Analysis of the complex led to a clear correct solution.
The rotation function gave a series of solutions with very
similar correlation coef®cients. Three of them were
related by 120 � rotation about the [111] direction of the
cell, as expected for the crystallographic trimer. The
translation function and rigid body ®tting (in P4132, but
not P4332) con®rmed the correctness of these, giving a
correlation of more than 34.2 % compared with 19 % or
less for the incorrect ones. The R factor for the correct
solutions was 52.7 %, for the incorrect ones higher than
55.5 %.

The structure of the unliganded enzyme was sub-
sequently solved in a straightforward manner by mol-
ecular replacement using the re®ned model of the
complex.

Unrestrained ARP

Initially, the model corresponding to one of the three
symmetrically equivalent molecular replacement sol-
utions was subjected to restrained crystallographic
re®nement using the program REFMAC (Murshudov
et al., 1997) combined with the ARP procedure for auto-
matic selection of waters (Lamzin & Wilson, 1997). How-
ever, attempts with variants of this model from which
selected sets of side-chains had been removed, gave
essentially no reduction in Rfree from its initial value of
55 % and did not lead to more easily interpretable elec-
tron density maps.

Therefore, an alternative approach was used: the
unrestrained option of ARP has recently been successful
in several applications (Sevcik et al., 1998; Ducros et al.,
1998), producing excellent and easily interpretable elec-
tron density maps with consequent substantial savings
in time devoted to visual interpretation of intermediate
maps. All atoms in the initial model are treated as sol-
vent and no stereochemical restraints applied. After
every cycle, a selected number of atoms in the weakest
electron density or those which moved closer than 0.7 AÊ

to other atoms were discarded. The rejected atoms can
include protein atoms which do not correspond to real
features in the new structure. A number of new atoms
are selected from the difference density peaks at an
acceptable distance from existing atoms.

All the atoms of the E. coli dUTPase (1DUP) starting
model were changed to water molecules. The resulting
model was subjected to unrestrained re®nement using
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REFMAC combined with ARP which was allowed to
reject or accept up to 20 atoms in each cycle. Four jobs
were run, the ®rst two with ten cycles and the last two
with 20 cycles. The progress of R and Rfree and the num-
ber of atoms in the model in successive cycles are shown
in Figure 10. After the ®rst ten cycles, one-third of the
atoms with the highest B factors were deleted from the
model. In the initial cycles, the quality of the density was
poor and the procedure mainly discarded ``bad'' atoms.
The overall number of atoms in the model fell, the R fac-
tor went down, but Rfree fell only slightly. Subsequently,
when the model had improved by acquiring suf®cient
atoms in positions close to correct, the quality indicators
improved more rapidly and after cycle 60 the procedure
was stopped.

At this stage, the model contained about the number
of atoms expected for the complete enzyme and associ-
ated solvent, and the R factor had fallen to 24.9 (35.6) %.
Here the R factor is followed by Rfree in parentheses.
However, the a posteriori calculated average phase differ-
ence between this model and the ®nal phase set was
only 33.5 �, whereas the average phase difference
between the starting, molecular replacement and ®nal
sets was 80 �. The resulting density map was of high
quality and allowed easy building of the protein with
almost all of its side-chains. This was done, as well as all

other graphics display sessions, with the program
QUANTA (Molecular Simulations Inc., San Diego, 1997).

Refinement

The unliganded and liganded enzyme models were
re®ned with a similar protocol. The initial models
obtained after molecular replacement (for the unliganded
enzyme) or built into the uARP map (for the complex)
were subjected to restrained re®nement with REFMAC
combined with automatic selection of waters by ARP.
No s cutoff was applied to the amplitudes. Electron den-
sity syntheses used were calculated on the basis of
weighted observed and calculated structure factors,
(2mFo ÿ dFc) or (mFo ÿ dFc). The protein restraints were
taken from the library based on the Engh & Huber
(1991) set.

The progress of the re®nement was monitored by R
and Rfree (using 5 % of all re¯ections) and by inspection
of electron density maps. Some side-chain atoms were
not visible in the maps and were given zero occupancy.
They are mostly charged groups: Lys10 (CD, NE and
CZ), Arg13 (NE, CZ, NH1 and NH2) and Met28 (CE) in
the native model and Met1 (CE), Arg13 (NH1 and NH2),
Lys42 (CE and NZ), Lys88 (NZ), Asp116 (CG, OD1 and
OD2), Glu117 (CD, OE1 and OE2) and Asn118 (CG, OD1

Figure 9. (a) The merging R(I) factor and (b) I/s(I) as a function of resolution for unliganded dUTPase (®lled
circles) and its complex (open circles).

Figure 10. The progress of the unrestrained ARP. (a) The R and Rfree factors and (b) the number of atoms in the
model in successive cycles.
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and ND2) in the complex. There was no interpretable
electron density beyond residue Ile120 in the unliganded
structure and beyond Asn118 in the complex. Some resi-
dues were built in double conformations with the
affected atoms being assigned half occupancy: the side-
chains of Ser32 and the Gly68-Gly69 peptide in the unli-
ganded model and the side-chain of Cys22 and a main-
chain region of three residues, Ser109, Asn110 and
Ser110 in the complex.

The re®nement converged and no new interpretable
features were present in the electron density maps after
55 cycles of re®nement of the native model, with Rcryst

� 16.10 % and Rfree � 21.55 %. The re®nement of the
complex was stopped after cycle 60 with Rcryst � 16.66 %
and Rfree � 20.07 %. At the end, ®ve further re®nement
cycles (without updating the model by ARP) were per-
formed against all data, giving a ®nal Rcryst of 15.98 %
for the unliganded and 16.86 % for the complexed struc-
ture.

Alignment and superposition of the
known structures

All superpositions were performed using the program
LSQKAB from the CCP4 suite (Collaborative Computat-
tional Project, Number 4, 1994). The models of the unli-
ganded and complexed EIAV dUTPase structures were
superimposed using all their ordered CA atoms.

The three other known dUTPases were superimposed
on the unliganded EIAV dUTPase in the following way.
Initially they were overlapped using CA atoms of all
residues corresponding with the sequence alignment, i.e.
only the regions having evidently no counterparts in the
other sequences were omitted. The overlaps were
repeated iteratively discarding residues differing by
more than 2 AÊ in the positions of their CA atoms.

Eventually, 53 structurally equivalent CA atoms were
accepted, encompassing ®ve different regions along the
sequence corresponding to all or parts of secondary
structural elements b2, bI, b3, bII, b4, b5B, b6 and b7,
and turns 2 and 5 (Figure 3). There are only ten con-
served residues among the 53. The residues used in the
superpositions are shown in the Figure.

Protein Data Bank accession numbers

Atomic co-ordinates and structure factors have been
deposited in the Brookhaven Protein Data Bank, entry
code 1DUN and 1RDUNSF for unliganded EIAV dUT-
Pase and 1DUC and 1RDUCSF for the complex with
dUDP and Sr2�. Codes for co-ordinates for other
structures taken from PDB are: 1DUP, 1DUD, 1DUT.
Co-ordinates for the human enzyme were provided by
J. A. Tainer.
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